Localized seismic deformation in the upper mantle revealed by dense seismic arrays by Inbal, A. et al.
www.sciencemag.org/content/354/6308/88/suppl/DC1 
 
 
 
 
 
Supplementary Materials for 
 
Localized seismic deformation in the upper mantle revealed by dense 
seismic arrays 
 Asaf Inbal,* Jean Paul Ampuero, Robert W. Clayton 
 
*Corresponding author. Email: ainbal@gps.caltech.edu 
 
Published 7 October 2016, Science 354, 88 (2016) 
DOI: 10.1126/science.aaf1370 
 
This PDF file includes: 
 
Materials and Methods 
Figs. S1 to S7 
References  
 
2 
Materials and Methods 
Location error estimation 
To estimate the location uncertainty we first compute the surface seismograms due to a strike-slip point 
source using the frequency-wavenumber wave propagation method of Zhu and Rivera (2002) (49). We use 
a 1-D velocity model extracted from the SCEC Community Velocity Model - Harvard (45) and a local 
attenuation model (50) to compute the synthetic surface seismograms. Since our raw data contain only the 
vertical component of ground velocity, the results shown below only employ the (synthetic) vertical 
component of the synthetic seismograms. We visually inspected these vertical traces and found that they 
contain very little S-wave energy. This might be due to the fact that in our synthetic tests (as well as in the 
actual experiment) S-wave energy from sources of interest is predominantly up-going. This geometry as 
well as the relatively low S-wave velocities beneath the Long-Beach array tend to increase the P- to S-wave 
amplitude ratios. As in the raw data, our synthetic seismograms may contain reflections from the Moho as 
well as mode conversions. Our tests employ a 1-D velocity model, and thus do not reproduce the effect of 
Moho topography on the amplitude of reflected phases. In our simplified scenario tested here, Moho 
reflections due to a source located beneath the array should generally be stronger than in a more realistic 
case which takes into account the 3-D Moho geometry. In the back-projection procedure, strong reflections 
may give rise to artifacts, which may result in misidentifying strong scatterers as actual seismic sources. As 
is shown below, our tests demonstrate that such artifacts may defocus the back-projection images, and thus 
increase the location uncertainties. However, the uncertainties are within a range that exerts only minor 
effect on the interpretation presented in the main text. 
The synthetic traces are processed in the same fashion as the real data. We spatially interpolate the 
seismograms, downward-continue, and back-project the migrated envelopes onto the volume beneath the 
array. We then add noise whose distribution is derived from the noise in back-projection images produced 
with the raw data, which did not contain detectable events. Our detection scheme operates on the images 
maximum amplitudes. Inbal et al. (2015) (9) showed that in the absence of events the amplitude of the 
back-projection images is log-normally distributed, and hence the logarithm of their maxima follows a 
Gumbel distribution. 
We estimate the location uncertainty from Monte-Carlo simulations. In each simulation we perturb 
the amplitudes of the synthetic back-projection images with log-normally distributed, spatially uncorrelated 
noise, and extract the location of the node with the largest perturbed amplitude. We perform 1000 
simulations and report the mean and standard deviation of the output locations. Figure S1 presents the error 
analysis for synthetic sources whose depth varies between 7 to 35 km. For events with Mw > 1.5, our 
procedure accurately recovers the input locations down to depth of about 27 km. The uncertainty on the 
location of a source located at a depth of 31 km (below the Moho in our study area) is about 3 and 1 km in 
vertical and horizontal directions, respectively. The location uncertainty on events with Mw < 0.5 at depths 
below 20 km is generally larger, however the majority of the smallest magnitude events in our catalog 
occupy shallower depths (Figure S1G). We conclude that the deepest, largest events in our catalog are in 
the upper mantle, that the width of the deep localized deformation zone beneath LB likely does not exceed 
2 km, and that our structural inference of multiple strands beneath the Rosecrans segment is robust. 
Temporal analysis 
To estimate the degree of temporal clustering we divide the volume into shallow (<10 km) and 
deep (>25 km) depth ranges, and bin the events at 2.5x3 km, and 3x4.5 km cells, respectively. For each 
depth range and for each bin we compute seismicity rates by using a fixed data window according to the 
steps outlined in Inbal et al. (2015) (9). We resample the rate functions at 2-minute bins using linear 
interpolation, zero-pad the rates on both ends, compute their autocorrelation function, and stack the 
autocorrelations for each depth range. The autocorrelation function of a random process should appear as a 
zero-peaked delta function. The increase in degree of temporal clustering for shallow event clusters causes 
the stacked autocorrelation function to decay more gradually relative to the one computed for the deeper 
clusters (Figure 3C).  
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We use larger bins for deeper events to ensure that the number of events in these clusters is not 
significantly different than the size of shallow clusters. However, the total number of deep events is only 
about 30% of the number of shallow events, which may bias our results. In addition, some artifacts are 
introduced into the autocorrelation analysis due to zero-padding of short sequences. We address these 
issues by analyzing a synthetic catalog in which event times are drawn from a Poissonian distribution, and 
whose temporal distribution is similar to the distribution of the deep events clusters (i.e. about 6-7 events 
per cluster, with average inter-event times of about 1.5 hours). We compute the rates of each simulated 
sequence, and, in the same fashion as the real data, compute and stack the autocorrelation functions. The 
dashed black curve in Figure 3C presents the results of the analysis using 30 simulated clusters. We find 
that the temporal distribution of deep earthquake clusters resembles more a random, Poissonian process 
than the distribution of the shallow event clusters. 
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Fig. S1: The location errors derived from synthetic tests. The Left and right columns are for input sources 
with Mw=0.5 and Mw=1.5, respectively. For each input magnitude, we show the difference between input 
and output x, y, and z coordinates in panels A-B, C-D, and E-F, respectively. The error bars indicate 1-
sigma uncertainties. Focal depth distributions in LB for events with 0.4 < Mw < 0.5, and Mw > 1.5 are 
shown in panels G and H, respectively. 
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Fig. S2: The arrays layout. (A) The Long-Beach array. (B) The Rosecrans array. The blue triangles indicate 
locations of sensors. 
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Fig. S3: The spatial distribution of earthquake density from a catalog spanning 25 nights of the Rosecrans 
dataset. (A) Rosecrans catalog event density for the depth range 5-35 km. (B)-(C) A vertical cross-section 
along lines C-C’ and D-D’ in panel E. We normalized the densities in panel A by the maximum value, and 
the density in the cross-sections by the maximum in 2 km depth bins. (D) The event depth distribution. The 
location of the NIF surface trace, and inferred faults are indicated by solid and dashed black lines, 
respectively. The local oilfields are indicated by green dashed lines. ROS: Rosecrans, HOT: Howard 
Townsite. 
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Fig. S4: The ground velocity amplitudes in Rosecrans due to a Mw=0.4. (A)-(D) Velocity envelopes of 
downward-continued (5 km) waveforms as a function of position. (E) Velocity envelopes at the surface 
(black) and at 5 km depth (red) for 2 collocated points within the array that are indicated by the green cross 
in panel A. (F) Downward-continued envelopes. Vertical axis indicates epicentral distance. Traces are 
normalized by their maximum. Red bars indicate expected P-wave arrival times. 
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Fig. S5: Amplitude as a function of time for traces containing a local swarm in which the largest event is a 
Mw = 1.0 whose P-waves arrive between 45-55 seconds. Left: Waveform envelopes before downward-
continuation. Right: After downward continuation to a depth of 5 km. Vertical axis indicates epicentral 
distance. Traces are normalized by their maximum. 
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Fig. S6: Back-projected stack amplitudes for the Mw=1.0 event shown in Figure S5. Left: Log of maximum 
stack power for a 5-second window projected onto a vertical cross-section oriented EW. Right: Histogram 
of log of stack maxima in a 4-hour window around the detected event. Grey rectangle indicates region of 
acceptance, and red dashed curve indicates amplitude of log of the stack maxima for the detection window 
in the left panel. 
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Fig. S7: The amplitude as a function of time for downward-continued traces containing a Mw = 1.5 event 
located at depth of 27 km beneath the LB array. Vertical axis indicates epicentral distance. Traces are 
normalized by their maximum. Red and blue bars indicate expected P- and S-wave arrival times. 
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